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We experimentally demonstrate a high-fidelity entanglement swapping and a generation of the
Greenberger-Horne-Zeilinger (GHZ) state using polarization-entangled photon pairs at telecommu-
nication wavelength produced by spontaneous parametric down conversion with continuous-wave
pump light. While spatially separated sources asynchronously emit photon pairs, the time-resolved
photon detection guarantees the temporal indistinguishability of photons without active timing
synchronizations of pump lasers and/or adjustment of optical paths. In the experiment, photons
are sufficiently narrowed by fiber-based Bragg gratings with the central wavelengths of 1541 nm &
1580 nm, and detected by superconducting nanowire single-photon detectors with low timing jitters.
Observed fidelities are 0.84± 0.04 and 0.70± 0.05 for the entanglement swapping and generation of
the GHZ state, respectively.
PACS numbers: 03.67.Hk, 03.67.Bg, 42.65.Lm
I. INTRODUCTION
Entanglement swapping [1] is an entangling operation
on two independent photons and a key technique for
implementing various quantum information processing
such as quantum repeaters [2], and quantum computa-
tion [3]. In order to perform such tasks successfully, indis-
tinguishability of the independently generated photons
is of importance. Spontaneous parametric down conver-
sion (SPDC) is a standard method to generate entan-
gled photon pairs and many experiments of entanglement
swapping utilizing SPDC have been demonstrated [4–9].
In such experiments, SPDC photons are generated by us-
ing ultrafast pulsed lasers, and temporal indistinguisha-
bility of the photons is provided through a timing syn-
chronization of the photon generation and/or the precise
stabilization of the optical path lengths. However, when
we look at a long-distance quantum communication, pre-
cise timing synchronization of the distant lasers becomes
challenging since the overall timing instability must be
within the coherence time. This difficulty is removed by
using continuous wave (cw) pumped photon pair sources
and the coincidence detection with a temporal resolution
much shorter than the coherence time of the photons,
which is realized by increasing coherence time of photons
with narrow bandpass filters and/or employing photode-
tectors with low timing jitters [10–14]. The advantage
of this method is the non-necessity of any active timing
synchronizations of the photon sources. In addition, the
prerequisite of the narrow band width of photon pairs
allows the enchantment of the efficiency by the dense fre-
quency multiplexing.
The entanglement swapping using asynchronous pho-
ton pair source is firstly demonstrated by Halder
et al . [10], in which they utilized energy-time entan-
gled photon pairs at telecom wavelengths generated by
cw-pumped SPDC and photodetectors with low tim-
ing jitters. In the demonstration, an observed visi-
bility and a four-fold count rate are 0.63 ± 0.02 and
5 counts/hour, respectively, which are much smaller than
those observed with a timing synchronization of pulse-
pumped SPDC [5–9]. Higher efficiency and visibility will
be desirable for performing various kinds of applications
such as quantum repeaters [2], quantum relays [15, 16],
measurement-device-independent quantum key distribu-
tion (QKD) [17–19] and distributed quantum computa-
tion [20].
In this paper, we show high-fidelity and extended
entanglement manipulation using telecom-band asyn-
chronous polarization entangled photon pairs. First
we demonstrate high-fidelity entanglement swapping us-
ing polarization entangled photon pairs generated by
cw-pumped SPDC with high-resolution photon detec-
tors. We performed quantum state tomography (QST)
on swapped photon pairs and reconstructed its den-
sity operator. The observed fidelity is 0.84 ± 0.04,
which is much higher than the previously reported value,
and as high as those observed by using pulse-pumped
SPDC. Second, we for the first time demonstrated gener-
ation of a telecom-band three-qubit Greenberger-Horne-
Zeilinger (GHZ) state using asynchronous sources, and
observed a fidelity of 0.70 ± 0.05, which is applicable
to not only the fundamental test of nonlocality [21] but
also quantum communication using multipartite entan-
glement such as secret sharing [22] and quantum cryp-
tography [23]. In our experiments, the efficiencies are
also highly improved compared to the previous experi-
ment [10]. We obtain the four-fold coincidence rates of
28 counts/hour and 131 counts/hour for entanglement
swapping and GHZ state generation, respectively. Fur-
thermore, by enlarging the width of each coincidence win-
2FIG. 1. (Color online) Experimental setup. The cw pump beam at 780 nm is obtained by the second-harmonic generation
based on a periodically-poled lithium niobate waveguide (PPLN/W). An entangled photon pair at 1541 nm and 1580 nm is
generated by PPLN/W in a Sagnac configuration. After projecting the polarization state of photons at 1580 nm, the photons
at 1541 nm become entangled.
dow to be as large as the coherence time of SPDC pho-
tons, we still kept a high fidelity of 0.75 ± 0.02 for entan-
glement swapping with a four-fold coincidence rate of as
high as 100 counts/hour. These results pave the way for
high-quality and efficient photonic quantum information
processing in cw regime.
II. EXPERIMENT
A. Experimental setup
The experimental setup is shown in Fig. 1. A cw
pump beam at 780 nm is obtained by second-harmonic
generation of light at 1560 nm from an external cavity
diode laser with a linewidth of 1.8 kHz [14]. At pho-
ton pair source A, an entangled photon pair |φ+〉 =
(|HH〉 + |VV〉)/√2 at 1541 nm and 1580 nm is gener-
ated by a 40-mm-long and type-0 quasi-phase-matched
periodically-poled lithium niobate waveguide (PPLN/W)
in a Sagnac configuration with a polarizing beamsplit-
ter (PBS), where |H〉 and |V〉 represent horizontal (H)
and vertical (V) polarization states of a photon. The
pump beam is removed from the generated SPDC pho-
tons by a dichroic mirror 1 (DM1). DM2 divides spa-
tial modes of the two photons at 1541 nm and 1580 nm
into modes 1 and 4, respectively. Similarly, we prepared
the other entangled photon pair at 1541 nm in mode 2
and 1580 nm in mode 3 at photon pair source B in
Fig. 1. Photons at 1580 nm in mode 3 and mode 4
are mixed by a half beamsplitter (HBS). The coinci-
dence detection between mode 3’ with V-polarization and
mode 4’ with H-polarization is regarded as a projection
of a photon pair in modes 3 and 4 into the singlet state
|ψ−〉 = (|HV〉 − |VH〉)/√2 ideally. As a result, the po-
larization state in modes 1 and 2 also becomes |ψ−〉. In
order to improve the indistinguishability of the photons
in modes 3’ and 4’, the photons are filtered by fiber-based
Bragg gratings (FBGs) with bandwidths of 10 pm fol-
lowed by superconducting nanowire single-photon detec-
tors (SNSPDs) whose timing jitter is τj = 85 ps each [24].
The photons in modes 1 and 2 are also filtered by FBGs
with bandwidths of 30 pm and 100 pm, respectively,
which plays a role of avoiding saturation of the single
counts of SNSPDs. The photon’s coherence time τc is
estimated by the temporal distribution of two-fold coin-
cidence events of the photon pairs. Approximating it by a
Gaussian and assuming that it is the convolution of three
Gasussians with widths τj , τj , and τc, we estimated τc
to be about 230 ps FWHM, which satisfies the condition
τc ≫ τj for a high-visibility interference [10, 14]. The
electric signal from D1 is connected to a time-to-digital
converter (TDC) as a start signal, and the electric signals
from D2, D3 and D4 are used as the stop signals of the
3TDC. We collect all of timestamps of the stop signals for
every start signal with time slot of 1 ps. We postselect
the records of the three stop signals within time windows
τw. If there is at least one detection event in each stop
signal, we regard this event as a four-fold coincidence
event.
B. Entanglement swapping
Before performing entanglement swapping, we first
characterized the initial entangled photon pairs from
photon pair source A (ρˆA) and photon pair source B (ρˆB)
by measuring the two-fold coincidence count between D1
& D3, and D2 & D3, respectively. By performing the
QST and diluted maximum-likelihood algorithm [25], we
reconstructed the density operators as shown in Fig. 2 (a)
and (b). Observed fidelities defined by 〈φ+|ρˆA|φ+〉 and
〈φ+|ρˆB|φ+〉 were 0.963 ± 0.004 and 0.931 ± 0.004, re-
spectively, which implies that the two photon pairs are
highly entangled. The detection rates of ρˆA and ρˆB were
5.1 kHz and 5.2 kHz, respectively, with τw =80 ps and
3.5 mW pump power for clockwise and counterclockwise
directions of the Sagnac interferometers.
Next, we performed the entanglement swapping. We
postselect the detection events of D1 and D2 such that
the heralded single photons in modes 3 and 4 become
temporally indistinguishable. We reconstructed the den-
sity operator ρˆswap of the photon pairs in modes 1 and
2 by using the detection events in which the four-fold
coincidence among D1, D2, D3 and D4 occurs. The four-
fold coincidence rate was 28 counts/hour with τw =80 ps
and the measurement time was 106 hours. The recon-
structed density operator is shown in Fig. 2 (c). An
observed fidelity Fswap = 〈ψ−|ρˆswap|ψ−〉 and the en-
tanglement of formation (EOF) [26] were 0.84 ± 0.04
and 0.82 ± 0.10, respectively, which indicates that a
high-fidelity entanglement swapping is realized by using
asynchronous polarization entangled photon sources and
time-resolved coincidence measurement. We also esti-
mated the maximized fidelity by the local phase shift as
F ′swap = max−pi≤θ≤pi〈ψ−θ |ρˆswap|ψ−θ 〉 = 0.93 ± 0.04 with
θ = −0.62 rad, where |ψ−θ 〉 ≡ |HV〉 − eiθ|VH〉)/
√
2.
C. GHZ state generation
With a similar setup to the one shown in Fig. 1, we
demonstrated the generation of three-photon GHZ state
using asynchronous photon sources at telecom wave-
lengths. GHZ state can be generated by the quantum
parity check (QPC) [27] on one half of the photon pair
forming |φ+〉 and a diagonally (D) polarized ancillary
photon [28]. For this purpose, we changed the setup in
Fig. 1 as follows: (1) We used the photon pair source B
for generating a V-polarized photon pair by using only
counterclockwise pump beam. A V-polarized photon in
mode 3 is transformed to a D-polarized photon by using
FIG. 2. (Color online) The real parts and imaginary parts of
the density operators of (a) ρˆA, (b) ρˆB and (c) ρˆswap.
FIG. 3. (Color online) The real part and imaginary part of
the density operators of ρˆGHZ.
a half wave plate (HWP). (2) We replaced the HBS by a
PBS in order to perform the QPC on photons in modes 3
and 4. When we detect a V-polarized photon at D2, a
D-polarized photon is heralded in mode 3.
When the photon in mode 3 is heralded by pho-
ton detection at D2 and the photon pair is generated
in mode 1 and 4, the QPC is performed on photons
in modes 3 and 4. By postselecting the events where
all detectors click, the polarization state in modes 1,
3’ and 4’ ideally becomes the three-photon GHZ state
|GHZ〉 = (|HHH〉+ |VVV〉)/√2 with success probability
of 1/2. We perform the QST on them to reconstruct its
density operator ρˆGHZ.
In this experiment, we set the pump power to be 5 mW
on average for achieving higher four-fold coincidence rate.
The detection rate of the photon pairs generated by the
photon source A and the photon source B were 1.3× 104
Hz and 7.4 × 103 Hz, respectively with τw =80 ps. The
four-fold coincidence rate was 131 counts/hour and the
measurement time was 87 hours.
The reconstructed density operator (ρˆGHZ) is shown
in Fig. 3. The imaginary part arises from the
non-zero relative phase between the H-polarized and
V-polarized photons. We estimated the fidelity
maximized by the local phase shift FGHZ defined
by FGHZ = max−pi≤θ≤pi〈GHZθ|ρˆGHZ|GHZθ〉, where
|GHZθ〉 ≡ (|HHH〉 + eiθ|VVV〉)/
√
2. We obtained
FGHZ = 0.70 ± 0.05. In order to verify that ρˆGHZ is a
4FIG. 4. (Color online) The fidelity of the final state maxi-
mized by local phase shift F ′swap (triangle) and the four-fold
coincidence rate (circle) for various values of τw. The four-fold
coincidence rate is proportional to τ 2w for small τw because the
two-fold coincidence probability of single photon pair is ap-
proximately proportional to τw in this region. On the other
hand, for large τw, the four-fold coincidence rate increases
linearly because the influence of temporally-continuous stray
photons becomes dominant in this region.
genuine three-photon entangled state, we used the wit-
ness operator [29, 30]
W = Iˆ
2
− |GHZθ〉〈GHZθ|, (1)
where Iˆ is the identity operator. We obtain
Tr(W ρˆGHZ) = 1/2 − FGHZ = −0.20 ± 0.05 < 0, which
shows that ρˆGHZ possess genuine three-photon entan-
glement. This result ensures that the multi-photon
entangled state can be generated by using fully au-
tonomous sources via a time-resolved measurement. Such
a telecom-band multipartite entanglement source has
various applications such as nonlocality test and quan-
tum communication.
III. DISCUSSION
In the experiment using asynchronous sources, the fi-
delity of the final state and the four-fold coincidence
rate depend on the width of each detection time win-
dow. Here we discuss the relation among them. In asyn-
chronous source experiment, employing small detection
time windows is important for the following two reasons.
(1) For satisfying the temporal indistinguishability of in-
dependent SPDC photons [10]. (2) For suppressing non-
negligible temporally-continuous stray photons [14]. For
investigating the influence of the width of each detec-
tion window τw, we analyzed the experimental data of
entanglement swapping for various values of τw by post-
processing of the common record of timestamps. There
is a tradeoff between the four-fold coincidence rate and
F ′swap. In Fig. 4, we see that the F
′
swap still retains 0.75
± 0.02 even if we set τw = τc=230 ps, where the four-
fold coincidence rate is about 100 counts/hour, which
is 20 times higher than the previous reported value [10]
with the similar fidelity. In addition, the four-fold co-
incidence rate exceeds 500 counts/hour for τw=560 ps
with F ′swap > 0.5, which shows retainment of entangle-
ment [31].
IV. CONCLUSION
In conclusion, we have demonstrated the high-fidelity
entanglement swapping and the first demonstration of
generating telecom-band three-photon entangled state
by using two independent photon pairs generated by
SPDC process with cw pump light. The observed fideli-
ties are Fswap = 0.84 ± 0.04 and FGHZ = 0.70 ± 0.05
with τw=80 ps, which are as high as those observed
in pulsed (synchronized) regime. In addition we inves-
tigated relation among τw, the maximized fidelity and
four-fold coincidence rate. We revealed that the four-
fold coincidence rate becomes 100 counts/hour with the
maximized fidelity of 0.75 ± 0.02 if we set τw = τc for
entanglement swapping. For further enhancement of the
four-fold coincidence rate without degrading the fidelity
of the final state, the wavelength division multiplexing is
effective [32, 33]. For instance, when the width of emis-
sion spectrum of SPDC is several tens of nanometer, we
can utilize several thousand frequency modes with the
current filter band width, which will drastically improve
detection rate of photon pairs as long as the linewidth of
the pump laser is less than the width of the frequency bin.
We believe that our results will be useful for many appli-
cations for a synchronization-free long-distance quantum
communication.
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